. Peaking factor as a function of return period and data processing uncertainty interval for the precipitation depths specified by NOAA Atlas 14 that were applied to the hydrologic model. The black line gives the 50th percentile peaking factor with lower and upper bars giving the 5th and 95th percentiles, respectively. . In the past, the most common rainfall-runoff models used within the USACE for dam construction assumed both an initial and constant water loss to generate excess precipitation. The unit hydrograph theory, the most frequently used of these methods, transforms excess precipitation to a point runoff hydrograph. According to Sherman (1932) , who originally proposed the unit hydrograph (UH) concept, the UH of a watershed is the outflow resulting from one unit of direct runoff generated uniformly over the drainage area at a uniform rainfall rate during a specified period of rainfall duration. This implies that the ordinates of any hydrograph resulting from a quantity of runoff-producing rainfall of unit duration would be equal to corresponding ordinates of a UH for the same areal distribution of rainfall, multiplied by the ratio of rainfall excess values. For the past 50 years, the USACE practice has been to increase the peak of a UH linearly, in relation to the observed rainfall, by 25% to 50% when the observed rainfall excess is significantly greater than the modeled rainfall excess used to calibrate the UH (USACE 1991) . This multiplicative factor is typically referred to as the unit hydrograph peaking factor (UHPF).
Natural variability of environmental systems often results in linear transfer functions (Childs 1958; Minshall 1960; Ding 1974; Kokkonen et al. 2004) , as assumed in UH theory, to poorly characterize the range of possible outcomes from the same initial state. Linear transfer functions can be invalid due to multiple factors including differences in the varying antecedent initial conditions such as soil moisture (Pradhan et al. 2012; Hendrickx et al. 2016) ; runoff generation processes like infiltration excess (Downer and Ogden 2004) ; saturation excess ; and hydro-geomorphology, urbanization, and land use change (Ogden et al. 2011) . In most extreme flood investigations, the UHPF is rarely analyzed thoroughly in the context of natural watershed variability. Variability ultimately manifests as uncertainty in the relationship between precipitation and flood likelihood. A thorough analysis method relating hydrologic variables to the UHPF is essential to remove the assumption of linear behavior imposed by commonly employed empirical modeling methods. The analysis should also consider and quantify the aforementioned uncertainty to provide confidence information to decision makers.
Physically based hydrologic modeling is capable of testing the linearity and non-linearity of the watershed response (Szilagyi 2007) . The Gridded Surface/Subsurface Hydrologic Analysis (GSSHA) model is a distributedparameter, physically based numerical model that has been used by the USACE in engineering hydrology (Downer et al. 2016) ; erosion (Downer et al. 2014) ; contaminant/nutrient fate and transport (Pradhan et al. 2014) ; as well as storm surge studies (Massey et al. 2013) . Deploying a physically based hydrologic model will account for nonlinear watershed hydrological properties (Szilagyi 2007) as well as assist in developing a methodology to analyze/improve the estimation of peaking factor (USACE 1991) and rainfall excess relationships in different climatic regions of continental United States (Wolock et al. 2004 ).
Purpose
Existing USACE policy suggests UHPFs between 1.25 (125%) and 1.50 (150%). In other words, although a UH peak is assumed to increase linearly with the increase in the intensity of a precipitation event, the increment would not exceed 1.5 times the designed unit peak. The purpose of this study is to analyze the validity of this UHPF range of the Goose Creek watershed in Virginia via deploying the GSSHA model, a physically based hydrologic model that is capable of determining complex watershed behavior. Goose Creek watershed was selected because of the availability of existing baseline data from previous studies. This study also investigated the magnitude of a rainfall event associated with a 1.25 or 1.5 UHPF and developed a peaking factor relationship with excess rainfall in the study area.
This study is intended to serve as an example for deploying physically based hydrological models to analyze the UH and the peaking factor on other watersheds. If the UH and the peaking factor analyses for watersheds representing different climatic regions of continental United States are conducted in the same manner, one would develop a regionalized peaking factor relationship with excess rainfall, which potentially could be utilized to evaluate and improve, if needed, the safety of existing dams. • to collect a maximum of available information on UH methods and UH data • to provide standardized methods, terminology, and forms for the presentation of UHs • to present the accumulated data and information in a form useful to hydrologists.
Goose Creek watershed, shown in Figure 1 , was selected as the study area for this pilot study of UHPF using the GSSHA model. The principal reason for selecting this watershed is that the watershed study by USACE (1963) provides baseline information on the UH data along with the standard practice in deriving the UH. The study area is located in the eastern United States, bounded by the Potomac River and Maryland on the northeast. The Goose Creek drains eastward into the Potomac River. The climate of Virginia is diverse and varies from warm and temperate in the eastern coastal areas, which have temperatures moderated by the Atlantic Ocean, to the cooler continental climate of the mountainous counties in the north and west (Sanford et al. 2011) . The mean annual temperature is between 54 and 55 °F. The rainfall pattern varies across Virginia and is affected by topography in the north and west and by the presence of tropical moisture systems in the south and east. The mean annual precipitation in the study area is 42 inches. Temperature and rainfall are adequate to support a substantial agriculture industry, with crop and pasture lands evenly scattered between forests of mixed deciduous and evergreen trees across most of Virginia including the watershed (Sanford et al. 2011) . 
Data
The hourly precipitation data was obtained from Dulles International Airport in Dulles, VA . The discharge data at the outlet in Figure 1 were from U.S. 
Goose Creek reservoir 3 Methodology
Two different methods were used to derive UHs for the Goose Creek watershed:
1. Utilizing historic discharge and rainfall data 2. Utilizing GSSHA to perform two-dimensional (2D) watershed modeling to derive a UH from the return period events and the PMP event.
3.1 Utilizing historic discharge and rainfall data to derive a unit hydrograph (UH)
As per UH theory, the following steps were taken to derive a UH from the observed discharge:
1. Separate the base flow from the observed streamflow hydrograph to obtain the Direct Runoff Hydrograph QDRH. The steps for base flow separation are as follows: a. Identify when direct runoff begins (i.e., end of the base flow-only period). b. Estimate the duration of the direct runoff period N using the empirical relationship below:
where N is in days; A is the basin area in square miles (Linsley et al. 1975) .
2. Draw a line connecting the start and end of the time interval for the direct runoff. This line separates the direct runoff hydrograph from base flow hydrograph. Then, compute the volume of Direct Runoff Hydrograph, VDRH. This volume must be equal to the volume of the Effective Rainfall Hyetograph (ERH).
where t is the time.
3. Express VDRH in equivalent units of depth, VDRHD:
where Abasin is the basin area.
4. Obtain the UH by normalizing the QDRH. Normalizing implies dividing the ordinates of the QDRH by the VDRH in equivalent units of depth in Equation (3).
5. Determine the duration, D, of the ERH associated with the UH obtained in step 4 above. Figure 2 shows the derivation of the UH for the Goose Creek watershed from the 10 December 2003 observed rainfall and discharge. In deriving the UH in Figure 2 , Equations (1) through (4) were employed. Frequently, data are not available for isolated storms of sufficient runoff volume for the derivation of UHs. Because the requisite data are not available, the investigator must develop UHs from the records of complex storms with durations of rainfall excess that differ appreciably from the unit duration desired. In Figure 2 , the 6-hour (hr) UH was derived from the 9 hr UH from S-hydrographs (USACE NAB 1963). The guidelines for computation of Shydrographs and derivation of UHs from S-hydrographs is found in USACE NAB (1963). 3.2 Utilizing GSSHA to perform two-dimensional (2D) watershed modeling to derive a UH Hydrologic models play a significant role in transforming extreme return period rainfall events and probable maximum precipitation into corresponding design discharges. In this study, the physically based GSSHA model was deployed to obtain corresponding design discharge from probable rainfall events.
GSSHA model simulation
GSSHA computes one-dimensional (1D) infiltration, 2D overland flow, and 1D stream flow to simulate the overland runoff to streams and channel transport process to catchment outlet. The Green and Ampt infiltration scheme (Green and Ampt 1911) was employed to simulate the partitioning of input precipitation at the land surface. The runoff generated in each computational grid cell flows to adjacent cells through a 2D finite volume numerical scheme. Surface runoff is coupled to channel routing where lateral inflow from surface runoff grid cells is numerically routed through a 1D finite volume scheme.
Infiltration model
The infiltration model partitions the rainfall forcing into subsequent runoff. The rate of infiltration in the infiltration model is governed by the soil physical properties, which vary with the soil type. The soil map in Figure 3 was employed to define these properties. The following are the soil physical parameters specified in the infiltration model:
• effective porosity (cubic centimeter/cubic centimeter)
• field capacity (cubic centimeter/cubic centimeter)
• wilting point (cubic centimeter/cubic centimeter)
• residual saturation (cubic centimeter/cubic centimeter)
• pore size distribution (centimeter/centimeter)
• saturated hydraulic conductivity (centimeter/hour)
• wetting front suction head (centimeter). Apart from hydraulic conductivity, the parameters in Table 1 were obtained from Rawls et al. (1983) based on the soil classifications in Figure 3 . Hydraulic conductivity in Table 1 was manually calibrated. To account for impervious land, developed areas in Figure 4 with more than 20% impervious land cover were assigned a significantly lower value of hydraulic conductivity, 0.0005 centimeters/hour (cm/hr). This impervious developed area covers less than 3% of the watershed. Figure 4 , a Manning's roughness coefficient, n, was calibrated within the ranges listed on the GSSHA wiki (http://www.gsshawiki.com/Surface_Water_Routing:Overland_Flow_Routing). Table 2 lists the calibrated Manning's roughness coefficients in the study area. 
Calibration
The model was calibrated to the 9 December 2003 event as shown in Figure 5 . Figure 5 . Goose Creek catchment GSSHA calibration (Nash-Sutcliffe Efficiency was 90%).
The calibrated model was then deployed to simulate the various return period events. 
Results and Discussion
The 6 hr historic cumulative event precipitation was obtained from the NOAA ATLAS 14 Precipitation Frequency Data Server (PFDS), http://hdsc.nws. noaa.gov/hdsc/pfds/. The PFDS gives the 1-year, 5-year, 10-year, 25-year, 50-year, and 100-year return period events in the Goose Creek watershed as shown in Figure 6 . To derive these series, NOAA collects precipitation measurements from all available sources, performs data correction and outlier removal, and computes extreme event magnitudes with confidence intervals for various durations and return periods. Following an initial data correction process, the annual maximum series is extracted at each measurement site for common durations of interest. A generalized extreme value distribution (GEV) is then fitted to the annual maximum series using L-moments with final distribution parameters obtained by a regional average. The GEV distribution provides the likelihood of a particular magnitude occurring for the extracted duration, which permits the annual exceedance probability to be determined. The return period of an event magnitude can be directly obtained from the inverse of the annual exceedance probability. Common event durations and return periods are summarized in the PFDS, which also provides gridded interpolation between gages.
Additionally, NOAA determines data processing confidence intervals by applying a Monte Carlo procedure to the GEV distribution to obtain the 90% confidence limit (the 5% lower bound and 95% upper bound). NOAA confidence limits only characterize the certainty of the data processing technique used to obtain the return period estimates. Additional sources of uncertainty, such as gage clustering and imperfect historical knowledge, are not represented and would only increase the NOAA-calculated uncertainty limit. However, the user of GEV data must account for the statistical confidence during hydrologic analysis. The NOAA confidence intervals at each return period were applied to the watershed and are given in Figure 6 .
NOAA Precipitation Frequency Atlas also provides the temporal event profiles. Event accumulation rates were determined by applying a fixed window at the selected duration to the precipitation series. The deciles of the accumulation rate for each duration are provided graphically from these events. In addition, the event temporal distributions are further divided into quartiles by magnitude and the accumulation deciles calculated for each magnitude quartile. In Figure 6 , design return period events were created by choosing 6 hr accumulation return period precipitation magnitudes in combination with an appropriate temporal distribution provided by the NOAA PFDS, http://hdsc.nws.noaa.gov/hdsc/pfds/pfds_temporal.html. Figure 6 . NOAA Atlas 14; 6 hr return period precipitation event temporal distribution estimation in the study area.
The return period events shown in Figure 6 along with the PMP event are deployed in the calibrated GSSHA model. Figure 7 shows the GSSHA model runoff simulation of the return period events. Figure 7 . The procedure followed in deriving the UH in Figure 8 is described in section 4.3.1 where the GSSHA-simulated runoff was employed instead of observed runoff. Figure 8 . NOAA 50th percentile return period UH from GSSHA simulations. Table 3 shows the derivation of the peaking factor in terms of 0.25-year return period to 100-year return period. In Table 3 , the values under the headings "Peaking Factor in terms of," "X-year Return Period," are the peaking factors representing the X-year return period, where X ranges from 0.25 to 100. The X-year return period peaking factors in the rows are the UH peak values of the corresponding event types under heading "Event type" normalized by UH peak value for that X-year return period. UH peak values are defined under heading "Unit hydrograph peak." For example, if the X is 0.25, all the UH peak values, from 0.25-year return period to PMP, are divided by the UH peak value of 0.25-year return period that is 112.6 centimeters/second/centimeter (cm/s/cm) in Table 3 . Therefore, Table 3 represents a sensitivity analysis of the peaking factor to the return period used to normalize the peak of the UHs. Figure 9 was developed to illustrate Table 3 , where four bands are defined based on the peaking factor value: "Safe" if the peaking factor is less than 1.0; "Moderately Safe" if between 1 and 1.3; "Critical" if between 1.3 and 1.5; and "Risky" if exceeding 1.5. Figure 9 shows that the UHs developed from events at or above the 5-year return period are well within the 1.25 to 1.5 peaking factor range. The UHs developed from 5-year return period and above fall into either the Safe or Moderately Safe band in Figure 9 . Table 3 and Figure 9 also show that the peaking factor from the 1-year return period rainfall UH is close to 1.5 at the PMP. In other words, the 1-year return period UH may fall into the Critical band, as shown in Figure 9 . Table 3 and Figure 9 show that peaking factor from UH of the 0.25-year event is greater than 1.5 at PMP. That is, a 0.25-year return period UH may fall into the "Unsafe" band, as shown in Figure 9 . Figure 9 . Peaking factor sensitivity analysis chart.
This case study in the Goose Creek watershed found that the upper limit of the UHPF for the UH peak published in the USACE NAB (1963) report was 0.9 and that for the UH in Figure 2 was 1.4. The average rainfall published in the USACE NAB (1963) report was 135 millimeters (mm) in 36 hr. This rainfall is equivalent to 25-year return period rainfall as per the PFDS report. The peak of the derived 6-hour UH for the USACE NAB (1963) published report was 189 cubic meters/second/centimeter (m 3 /s/cm). The rainfall for Figure 2 was 42 mm in 12 hr, which is equivalent to 1-year return period rainfall as per the PFDS report. Figure 10 shows the peaking factor and effective rainfall relationship as defined by Equation (5).
The relationship defined with Equation (5) The use of a single, deterministic reference hydrograph to establish an acceptable peaking factor implies that the full flood and precipitation frequency curves are known with certainty. As complete knowledge is rarely available; the use of probabilistic techniques can be used to capture the various sources of uncertainty to establish a peaking factor confidence interval. The range and maximum value of the interval can then be incorporated as part of a dam safety assessment as a measure of risk. Uncertainty can be introduced from both the input data as well as the data analysis procedure. The present analysis is confined to the latter introduced by the NOAA precipitation analysis procedure; the uncertainty associated with input data and other processes can be readily incorporated through a joint probability analysis.
NOAA Atlas 14 provides three precipitation depths occurring at the 5th, 50th, and 95th confidence intervals that equally satisfy the return period as a result of its Monte Carlo data analysis procedure. Selection of any depth that satisfies the confidence intervals would be an acceptable event to represent the return period of interest. The confidence interval range that is produced may be quite large in many cases. The range in the calculated precipitation depth data analysis confidence intervals is a proxy for the amount of risk accepted by an installation if data processing uncertainty is not considered when calculating the peaking factor. If a precipitation depth and resulting flood at a low confidence interval is utilized as the design event, the peaking factor may be underestimated, resulting in an unsafe design. Similarly, if a precipitation depth and flood at a high confidence interval is utilized as the norming event, a design may be overly conservative leading to increased construction/maintenance costs.
The effect of data processing uncertainty on peaking factors at Goose Creek was determined by applying the 5% and 95% confidence interval precipitation depths to the watershed in addition to the 50% value. Figure 11 shows the variation in the peaking factor at each return period, normalized to the 5-year, 50th percentile value. The 50th percentile is given by the black line; the 95th percentile is given by the upper error bar and the 5th by the lower error bar. The difference between the 5th and 95th percentile is as large as 0.052 for the 50-year return period, 4.7% of the 50th percentile value. While not evident directly at the Goose Creek watershed, this difference in the selected precipitation depth due to data processing uncertainty alone is sufficiently large that it could cause some reference events to become inadequate at maintaining a peaking factor below 1.5 at other watersheds. The large difference between the percentiles supports greater conservativeness in choosing the precipitation depth confidence level used to establish peaking factors. Figure 11 . Peaking factor as a function of return period and data processing uncertainty interval for the precipitation depths specified by NOAA Atlas 14 that were applied to the hydrologic model. The black line gives the 50th percentile peaking factor with lower and upper bars giving the 5th and 95th percentiles, respectively.
Knowledge of the peaking factor as a function of return period permits inverse calculation for the return period associated with a desired peaking factor magnitude. This knowledge is again useful as a proxy for the amount of risk accepted during a peaking factor analysis. As excess precipitation is linear with increasing precipitation depth, a simple logarithmic transform is typically sufficient to extrapolate the peaking factor beyond modeled return periods. By taking the normalization events at increasing confidence intervals to obtain the peaking factor trend and extrapolating the return period at the desired peaking factor, a range of return periods can be established from lowest (safest) to highest (least safe). The span of the size of the return period range informs one as to how sensitive the analysis is to the normalization value. Equally the lowest range value can determine if a design is sufficiently conservative to meet the return period requirements at the maximum accepted peaking factor.
The procedure above can be applied to determine a return period associated with the PMP as well as the commonly utilized maximum peaking factor value of 1.5. Although by definition the PMP does not have a return period, it is nonetheless a useful exercise. The intersection of the peaking factor trend line with the peaking factor evaluated at the PMP represents the location where the curve in Figure 10 becomes asymptotic. The magnitude of the return period at the intersection characterizes the maximum protection of the system under the assumptions used to formulate the peaking factor analysis. Table 4 gives the expression for the trend line at each confidence percentile in Figure 11 as well as the coefficient of determination. The fit to each trend line, and in particular the 50th percentile, correlates highly to the calculated peaking factors. Table 4 . Equations of fit for the peaking factor analysis in Figure 11 for the considered data analysis confidence intervals. The return period for the PMP peaking factor and peaking factor of 1.5 are approximated by inverting each function in Table 4 to solve for the return period as a function of peaking factor. The results for each percentile are given in Table 5 . A lower uncertainty percentile results in a larger return period for the PMP and peaking factor of 1.5. This follows intuition as a longer return period is required for smaller magnitude events to reach the same peaking factor. The 50th and 95th percentiles show reversed behavior for the maximum peaking factor. This inversion is a result of the variability in the Monte Carlo procedure used by NOAA to establish the confidence intervals. Their difference, however, is not as great as the difference between either and the 5th percentile. The 5th percentile predicts almost a three times greater return period at the maximum accepted peaking factor than the 50th and 95th percentiles. A similar magnitude difference is also present between the 5th and 95th percentiles of the PMP return period. The range in return period at the PMP peaking factor is approximately 1500 years while that of the 1.5 peaking factor is nearly 200,000 years. The extent of both ranges demonstrates the importance of accounting for uncertainty when conducting a peaking factor analysis to ensure a conservative design. 
Conclusions
This research utilized the GSSHA model in the Goose Creek watershed to calculate the discharge from design events with various magnitudes of excess rainfall while including the non-linear component of the watershed response. The discharges were then used to develop the UHPF relationship with rainfall excess. The UH results obtained at various return periods demonstrate that the peaking factor from a 5-year return period was well within 1.25 to 1.5 limits. In contrast, the UH derived from events less than 5-year return period exceeded the 1.25 to 1.5 peaking factor limits. Goose Creek unit hydrograph was designed from rainfall event equivalent to 25-year return period rainfall and therefore ensures dam safety given the current UHPF guidance. This study also developed peaking factors' relationship with excess rainfall in the Goose Creek watershed. This peaking factors' relationship with excess rainfall was found to be non-linear.
In the present case study, the land use change effects are not taken into consideration as the urbanization and development within the study watershed is not significant as the impervious area is less than 3% of the catchment area. Yet, there are other watersheds where the land use change is significant (e.g., Ogden et al. 2011) , which requires an analysis of the land use change effect in the hydrologic numerical simulations for peaking factor analysis. A further study would be to develop a regionalized peaking factor relationship with excess rainfall based on the climatic regions of continental United States. That way, the transposition of UHPF and peaking factors' relationship with excess rainfall between watersheds with similar climates can be readily investigated. A regionalized watershed characteristics relationship also provides guidance and quick information for prediction, flood hazard assessment, or design purposes on ungauged basins (Ding 2011; Pradhan et al. 2016) . In this study, the assumption has been made that the data processing confidence interval can be taken as an initial proxy of the total precipitation depth uncertainty. Imperfect knowledge of the true precipitation depth at each return period must also be accounted for to ensure the reference event has a sufficiently large magnitude to maintain dam safety. Ideally, such an analysis would consider all sources of uncertainty from the watershed such as antecedent conditions, storm spatial/temporal properties, and data processing decisions, which is left as a topic for further research.
